The diamagnetic drift effects on the low-n magnetohydrodynamic instabilities at the high-mode (H-mode) pedestal are investigated in this paper with the inclusion of bootstrap current for equilibrium and rotation effects for stability, where n is the toroidal mode number. The AEGIS ( 
I. INTRODUCTION
The high mode (H-mode) confinement 1 has today been adopted as a reference for next generation tokamaks, especially for ITER. However, the H-mode confinement is often tied with the damaging edge localized modes (ELMs). 1 ELMs can potentially damage divertor plates, due to the heat load they cause. This is particularly a challenging issue for a big devices like ITER. Therefore, the investigation for how to mitigate ELMs at the H-mode discharges is important. While various solutions are proposed, an interesting solution is to develop the so-called quiescent H-mode (QH-mode). 2 ELMs are avoided in the QH-modes, due to the excitation of the so-called edge harmonic oscillations (EHOs) or outer modes (OMs), 2,3 that pump out plasma energy in a mild way without exciting the damaging ELMs.
The current paper is aimed at further understanding of ELMs and EHOs in the H-mode or QH-mode discharges. In particular, we investigate the diamagnetic drift effects on low-n (n = 1, 2, and 3) magnetohydrodynamic (MHD) instabilities at the H-mode pedestal with the inclusion of bootstrap current for equilibrium and rotation effects for stability, where n is toroidal mode number. Note that, when bootstrap current is taken into account, a safety-factor reversal or plateau can be generated at the pedestal. 4 We have shown that the modes of infernal type (or fat interchange modes) 5, 6 can prevail at the safety-factor reversal or plateau region and found that such a type of modes has the typical EHO features at QHmode discharges. 7, 8 There is a physical ground for us to extend these investigations to include the diamagnetic drift effects. We note that the ion diamagnetic frequency (ω * i ) is directly proportional to pressure gradient and inversely proportional to density. This leads the ion diamagnetic frequency ω * i to become big and vary dramatically at the pedestal, where the infernal modes tend to develop. Therefore, the current investigation of diamagnetic drift effects is interesting.
We point out that the peeling or kink/peeling modes were previously proposed to explain EHOs or OMs. The diamagnetic stabilization effects on the peeling, ballooning, and peeling-ballooning modes have been studied in Refs. 9-12. In difference from these investigations we include the bootstrap current effects on the equilibrium. This inclusion leads the safety factor profile to change 4 and subsequently the MHD modes to behave differently.
In our earlier works 7, 8 we prove that the MHD modes of infernal mode type 5, 6 can prevail in this case. The diamagnetic stabilization effects on the infernal modes also are different, 2 as compared those reviewed in Ref. 12 . Based on the ballooning mode investigation,
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Reference 12 concludes that, when there is a radial variation in the diamagnetic frequency ω * i , the diamagnetic stabilization is less effective. Instead, we find that, when the bootstrap current effect on the equilibrium is taken into account, the diamagnetic stabilization can be effective, depending sensitively on the safety factor value at the region where the safety factor is flat or reversed and also on the toroidal rotation direction. Besides, we point out that the current investigation is based on the two dimensional free boundary AEGIS (Adaptive EiGenfunction Independent Solutions) code, 13 while the previous conclusion about the ineffectiveness of the diamagnetic stabilization is based on the conventional one dimensional ballooning representation. 10, 12 As pointed out in Ref. 14 the conventional ballooning mode representation cannot be used at the plasma edge. Therefore, the current investigation extends the existing investigations based on the peeling-ballooning mode formalism.
This paper is arranged as follows: In Sec. II the numerical schemes for equilibrium and stability analyses are given; In Sec. III the numerical results are presented; Conclusions and discussion are given in the last section.
II. NUMERICAL SCHEME
In this section we describe the numerical scheme for equilibrium and stability studies. For equilibrium we focus our investigation on the JET-like QH-mode discharges. The plasma cross section is shown in Fig. 1 . The conformal wall is used in our calculations. Furthermore, we consider only the subsonic rotation case, i.e., the rotation frequency is assumed to be much lower than the ion acoustic frequency. In this case the rotational effects of centrifugal force and Coriolis force both on equilibrium and stability can be neglected. 15, 16 We then include the rotational effects only through a Doppler frequency shift in the stability analysis.
To study the QH mode, we consider the low collisionality regime. In this regime the steep pressure gradient at the pedestal region can induce a strong bootstrap current. As in Refs. Fig. 2 ; while the corresponding pressure profiles are plotted in Fig. 3 . We keep the beta normal the same in the five equilibria by scaling the overall pressure profile appropriately.
As one can imagine, the appearance of safety factor plateau can minimize the magnetic shear stabilization and cause the "fat interchange modes" (i.e., infernal modes) to develop locally. 7, 8 We consider only the low-n modes: n = 1, 2, and 3. The MHD instabilities in this type of equilibria are investigated numerically using the AEGIS code, 13 with both the diamagnetic and apparent mass effects taken into account. In including the diamagnetic drift effects we use the frequency modification:
where ω is the mode frequency and Ω is the toroidal rotation frequency. This modification can be viewed as keeping the finite Larmor radius effects in lowest order in consideration of the pressure gradient steepness at the pedestal. 21, 22 The adaptive numerical scheme of AEGIS code allows us to study the rotation-induced continuum damping.
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The basic MHD equation used for our stability analyses is as follows:
where ξ is the perpendicular field line displacement, B denotes the equilibrium magnetic field, δB = ∇ × ξ × B is the perturbed magnetic field, J represents the equilibrium current density, µ 0 δJ = ∇ × δB is the perturbed current density, µ 0 is the magnetic constant, P represents the equilibrium pressure, δP = −ξ · ∇P is the perturbed pressure of convective part, and the perturbed quantities are tagged with δ except ξ. The plasma compressibility 4 effect does not appear in this equation explicitly. Since the mode frequencies we are studying are much smaller than the ion acoustic wave frequency, the plasma compressibility results only in the so-called apparent mass effect, as proved in Ref. 24 . Therefore, we include the plasma compressibility effect by regarding ρ m as the total mass, i.e., the sum of perpendicular mass and parallel mass (i.e., the apparent mass in the perpendicular momentum equation) according to Ref. 24 .
Note that the EHOs (or OMs) observed experimentally have finite frequencies, about 10 kHz for n = 1 modes, 2,3 which is much larger than the wall magnetic diffusion time.
For modes with such high frequencies the wall behaves as a perfect conductor. Therefore, our calculations focus only on the perfectly conducting wall case. As in Ref. 7 we use the combined methods of the Nyquist diagram and the analytic continuation of the dispersion relation to determine the unstable roots.
III. NUMERICAL RESULTS
The diamagnetic drift effects on peeling-ballooning modes have been discussed in Ref.
12. The discussion is based on the earlier research about diamagnetic stabilization effects on the ballooning modes in Ref. 10 . When the bootstrap current effects on the equilibrium are taken into account, however, the infernal mode appears and its behavior deviates from that of ballooning modes. Consequently, one can expect the diamagnetic drift effects to behave quite differently. To show these different features we mainly investigate five equilibria with safety factor at the plateau, q s , ranging from 4. one can see that, besides the change in q s , these five equilibria are almost identical. However, as shown in the following numerical results, the diamagnetic stabilization effects on these equilibria are vastly different. In our investigation, the rotation frequency profile is assumed to be the same as the pressure profile and the density profile is assumed to be the same as the temperature one.
First, we point out that the diamagnetic drift effects are generally stabilizing for infernal modes, as one may expect. But, the effectiveness of diamagnetic stabilization depends on the safety factor value at the plateau. Figures 5 and 6 show the eigen frequencies and growthrates of n = 1 modes versus the wall position respectively for the cases without and with the diamagnetic drift effects. The frequencies are normalized by the Alfvén frequency at the magnetic axis and the wall position is normalized by the minor radius in the mid-plane in this work. We have assumed the direction of rotation is the same as the direction of ion diamagnetic drift motion in most of the investigations in this work, unless it is indicated otherwise. In these figures the rotation frequency at the magnetic axis is Ω = 0.03 and the safe factor value (q s ) at the safety-factor reversal or plateau region is used as a parameter.
The typical real and imaginary eigen functions of n = 1 modes for the case without the frequency. This is because, when q s reduces, the m = 4 infernal harmonic moves outwardly from the pedestal top and consequently the amplitude of the diamagnetic frequency increases (see the ω * i profile in Fig. 4) . Notably, our results show that the diamagnetic drift effects depend sensitively on the q s value. The diamagnetic drift effects are weaker, when q s is far larger than an integer (here, it is "4"); while stronger, when q s is less larger or smaller than an integer. This can be seen from Fig. 6 . In Fig. 6 the growthrate for q s = 4.2 case is one order larger than the q s = 4.1 case. The modes are stable when q s = 4.0 and 3.96. We also check the further lower q s case, for example q s = 3.92. A full diamagnetic stabilization is found as well. This can be explained by inspecting the profile of ion diamagnetic drift frequency ω * i
in Fig. 4 together with the m/n = 4/1 infernal harmonic accumulating point. When q s is far larger than an integer "4", the m = 4 infernal harmonic tends to accumulate at the inner side of the safety-factor reversal or plateau region. Noting that the ion diamagnetic drift frequency ω * i is smaller in this region, one can expect a weaker diamagnetic stabilization to result. Whereas, when q s is less larger than an integer or even smaller than an integer, the accumulation point of the infernal harmonic moves outwardly relative to the pedestal top.
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Noting that the ion diamagnetic drift frequency ω * i becomes larger in this region, one can understand why a stronger diamagnetic stabilization should result.
We also explore the diamagnetic drift effects for various rotation speeds. Figures 9 and 10 show the eigen frequencies and growthrates of n = 1 modes versus the rotation frequency at the magnetic axis respectively for the cases without and with the diamagnetic drift effects.
They are for the equilibrium with q s = 4.2. It is interesting to point out that the frequency difference between the cases with and without the diamagnetic drift effects remains about the same, as the rotation frequency varies. The difference is about 0.003. The formula
2 * i /4 tells that the ω * i induced frequency shift is ω * i /2. From the ω * i profile in Fig. 4 and the eigen mode plots in Fig. 8 Fourier harmonic locates plays a key role -an infernal mode feature. Figure 11 shows that the stabilization effects for co-rotation case is much stronger than for counter-rotation case with respect to the ion diamagnetic drift direction. As an infernal mode feature, the mode frequency tends to match the local sum of rotation and diamagnetic frequencies for m = 4 infernal harmonic. However, in the toroidal geometry the sideband effects have to be considered as well. Note that rotation and diamagnetic frequencies have radial profiles.
The combined effects of rotation and diamagnetic frequencies on the sidebands between the co-rotation and counter-rotation cases are different. A larger sum of rotation and diamagnetic frequencies gives rise to a stronger continuum damping effects. 23 This leads to the counter-rotation case becomes more unstable than the co-rotation case as shown in Fig. 11 .
We have discussed the n = 1 modes above. Now, we turn to the n = 2 and 3 modes. Figure 12 gives the dependence of mode frequencies and growthrates for n = 1 − 3 modes on the wall position without the diamagnetic drift effects and Fig. 13 gives the dependence of mode frequencies and growthrates for n = 1 and 2 modes on the wall position with the diamagnetic drift effects. Both figures are related to the q s = 4.2 equilibrium and rotation frequency at the magnetic axis is Ω = 0.03. As pointed out in Ref. 8 without the diamagnetic drift effects Fig. 12 shows that the mode frequencies follows the frequency-multiplying rule: ω = nΩ s for n = 1 − 3 modes, where Ω s is about the rotation frequency at the pedestal top.
With the diamagnetic drift effects being taken into account we found that the frequencymultiplying rule ω = nΩ s are still roughly kept for n = 1 and 2 modes. The n = 3 modes, however, do not appear in Fig. 13 , since they are stabilized in this equilibrium. Nevertheless, we note that in the nonlinear case the n = 1 and 2 modes can couple to give rise to the n = 3 modes with frequency being the sum of n = 1 and 2 mode frequencies. In view of this the frequency-multiplying rule can still be expected for low-n modes with the diamagnetic drift effects taken into account in the nonlinear description. We also point out that in the n = 3 case (or even n = 2 case) other kinetic effects may need to be considered, since the diamagnetic drift frequency for n = 3 is larger.
IV. CONCLUSIONS AND DISCUSSION
The diamagnetic drift effects on the low-n magnetohydrodynamic instabilities at the high-mode (H-mode) pedestal are investigated in this paper. In view of the steep pressure gradient in the pedestal region, the inclusion of diamagnetic drift effects can be regarded as the inclusion of finite Larmor radius effects in the lowest order. 21, 22 We focus our investigation on the JET-like QH-mode discharges. Subsonic plasma rotation effects are included in the investigation, especially the induced continuum damping effect. The differences of current studies from the previous ones based on the ballooning or peeling-ballooning pictures in Refs. 10. and 12 mainly lie in the following aspects: First, we include the bootstrap current effects on the equilibrium so that a safety factor plateau is resulted at the pedestal region.
Because of that our focus is shifted to the diamagnetic drift effects on the m/n = 4/1 infernal harmonic. Second, the current calculation is based on the two dimensional free boundary MHD code: AEGIS, while the researches in Ref. 12 is based on the conventional one dimensional ballooning representation. Because of these differences our research yields several interesting new results, which have not been reported in the previous studies.
First, we note that the diamagnetic frequency (ω * i ) is directly proportional to pressure gradient and inversely proportional to density. This leads the diamagnetic frequency ω * i to become big and vary dramatically at the pedestal, where the infernal modes tend to develop. In view of this fact we find that the diamagnetic drift effects depend sensitively on the safe factor value (q s ) at the safety-factor reversal or plateau region. The diamagnetic stabilization effects are weaker, when q s is larger than an integer; while stronger, when q s is smaller or less larger than an integer. This is because, when q s is far larger than an integer, the infernal modes tends to accumulate at the inner side of the safety-factor reversal or plateau region, where ω * i is smaller, while when q s is smaller or less than an integer the infernal modes tends to move outwardly from the pedestal top, where ω * i becomes larger. A larger diamagnetic frequency amplitude ω * i at where the infernal harmonic develops gives a stronger stabilization effects. This explains why the q s value is so critical.
We also find that the diamagnetic drift effects depend sensitively on the rotation direction. Counter rotation results in a weak diamagnetic stabilization, while co-rotation gives rise to a strong diamagnetic stabilization with respect to the ion diamagnetic drift direction.
The reason is as follows. The co-rotation results in a larger sum of rotation and diamagnetic frequencies. Consequently, it leads a stronger continuum damping especially from the sidebands.
We have studied the n = 2 and 3 modes as well. We find that the n = 3 modes tends to be stabilized by the diamagnetic drift effects for the equilibria we considered, because the diamagnetic stabilization effects is proportional to ω 2 * i /4 and ω * i is directly proportional to the mode number n. With the diamagnetic drift effects being taken into account we found that the frequency-multiplying rule ω = nΩ s are still roughly kept for n = 1 and 2 modes.
We discuss that the possible nonlinear coupling can lead to the frequency-multiplying rule to hold for n = 3 modes as well.
The current investigation is focused on the low n modes. In this case the mode frequency in the rotating frame for infernal harmonic is still low, so that the wave-particle resonance effects may be excluded. In the higher mode number case the wave-particle resonance effects need to be considered. Due to the dramatic variation of the diamagnetic frequency at the pedestal, a fully kinetic treatment is strongly preferred for this subject. The current investigation may be regarded as an extension of existing researches for diamagnetic stabilization. 10, 12 So far in this field the fully kinetic treatment of pedestal physics is still limited to using the fixed boundary ballooning mode formalism. Most of peeling ballooning 9 mode calculations are still based on the ideal MHD framework. Fully kinetic treatment for free boundary problems is challenging and will be considered in the future. The three growthrate curves are below the frequency curves. 
